Hybrid power filter is effective equipment for preventing harmonic pollution and enhancing power quality. The design of passive power filters is one of the important parts of hybrid power filter. Conventional approaches for the design of passive power filters depend on the experiences and single technology criterions, which are difficult to achieve the optimal solution. An optimal design method based on genetic algorithm is proposed in this paper. Two objectives including minimum total harmonics distortion of current and minimum cost for equipments are constructed, and reactive power compensation is used as constraint condition. The objective functions for an asymmetrical powers system are deduced, thus the fitness functions are determined. And the parameters of passive power filters are achieved by adopting genetic algorithm. Passive power filters applied in practical system are designed and the simulation model is given. Simulation results show that the filter designed by the proposed algorithm has better harmonics suppression effect and lower initial investment for equipments than conventional approaches.
Introduction
With the wide use of power electronics equipments in the power system, the harmonic pollution becomes more and more severe. This causes great harm to the quality of the power system. And passive power filter (PPF) and active power filter (APF) are effective equipments to suppress harmonics.
At present, PPF is widely used in many fields because of lower cost, simple structure, convenient maintenance, simple principle and so on. But the design of its parameters is a non-linear mixed integer programming problem with many constraints. Traditionally, the key parameters of PPF are decided based on experience according to single technical index or economic index. These methods depend too much on subjective experience, thus it is difficult to meet a series of requirements. And the results are influenced by the power source impedance. At the same time, it is easy to cause series resonance and parallel resonance with the power source impedance.
Considering the drawbacks of PPF, APF gains widespread focus as a kind of power electronics that can suppress harmonics dynamically. Since APF directly carries the power fundamental voltage and current, which needs a larger capacity converter, the application of APF in harmonic suppression of large capacity fields limits. In order to overcome the shortcomings, a hybrid power filter which is made up of PPF and APF is proposed. However, the reasonable design of the PPF's parameters is of great importance to the entire filter system using passive power filter only or hybrid power filter. The design methods of filter based on engineering experience which proposed in Ref. [2] is very simple. However, the goal of optimal design can't be achieved. In order to achieve such target, many researchers have done lots of related researches. Genetic algorithm [3] - [5] and simulated annealing [6] are introduced to determine the parameters of PPF. For instance, in Ref. [6] , simulated annealing algorithm is used to optimize the parameters of PPF. And the objectives and requirements in five aspects have been considered, which improves the power factor and reduces the total distortion of voltage and current effectively. Based on genetic algorithm, Ref. [7] develops a multi-objective optimization approach for the design of hybrid active power filters (HAPF) so as to mitigate the harmonics and compensate reactive power better. These methods overcome the drawbacks of traditional method which depends on personal experience to select the parameters of the filter. However, they are all proposed aiming at the symmetric system. Actually, the asymmetrical three-phase system is very common. So the design method of PPF based on genetic algorithm aiming at asymmetric harmonic sources is proposed in this paper.
The principle of PPF
Passive power filter is an appropriate combination of capacitor, inductor and resistor. It has been divided into single-tuned filter, high pass filter and double-tuned filter, and so on. Because double-tuned filter is complex in structure and difficult to tune, PPF usually consists of several single-tuned filters and a high pass filter in practice, which is showed in Fig.1 . Here, SPFk and SPFm express single-tuned filters. HPF is a high pass filter. (
where s ω is the fundamental angle frequency of power system; n R , n L , and n C are the resistor, inductor, and capacitor in the filter, respectively. From Ref. [1] , we know that the resonance will occur when When above condition is satisfied, the filter has the minimal impedance, which is equal to n R . Because n R is very small, the n-th harmonic current will mainly flow into the filter and seldom flow into the power system. For other harmonic currents, the impedance is much bigger than n R . So other harmonic currents seldom flow into this filter. As a result, once the order of the harmonic frequency equals to the resonant frequency of the filer, the harmonic current will flow into this filter. Therefore, this harmonic current will be eliminated from the power system. The high pass filter has lots of forms, in which the 2-order high pass filter is most commonly used. The impedance of 2-order high pass filter h Z is :
For harmonics whose frequency is larger than n-th order, high pass filter is adopted as a low-impedance. It makes these harmonic currents flowing into the high pass filter.
The target of PPF's optimal design is to meet requirements and to maximize overall efficiency. Optimal parameters shall meet the following requirements:
• Lower total harmonics distortion of voltage or current;
• Lower initial investment costs;
• Higher power factor, whereas reactive power can't be overcompensation;
• No series or parallel resonant with impedance of the system results in the amplification of harmonic;
• The design should ensure that in the normal fluctuation of frequency, the filter can also meet the technology requirements.
In order to meet above design requirements, we establish the following objective functions: 1) PPF should be installed to minimize the total distortion of current or voltage.
1 k sk i I I THD (7) Where: 2) This paper just takes the initial investment costs of PPF into account. The initial investment costs mainly consist of the costs of the resistor ( R ), inductor ( L ) and capacitor ( C ) used in the passive power filter.
where p is the number of the PPF; i C , i R , and i L are corresponding parameters of single-tuned filter or high-pass filter respectively; 1 q , 2 q , and 3 q represent the corresponding parameters' unit prices. 3) Besides the function of filtering, passive power filter can also compensate reactive power of the power system. The passive power filter shall be installed to improve the power factor as much as possible. At the same time, overcompensation is not allowed. It is expressed as:
where i Q is the fundamental reactive power provided by the i-th filter; min Q and max Q are the system's lower and upper limits of the total fundamental reactive power. 4) Passive power filters must ensure that series or parallel resonant with the system's impedance does not appear. And low harmonic's amplification does not happen. So the resonant frequency of the single-tuned filter must meet the following condition [6] :
where emp δ and emn δ are the maximum positive and negative frequency deviation of the system, respectively.
Usually, we can use the mixture of PPF and APF. APF is used to constrain the resonance between PPF's impedance and the power impedance, which improves the harmonic compensation characteristics of PPF. 5) In the single-tuned filter, the filter's detuning must be taken into account. Actually the power frequency always fluctuates, which will cause corresponding offset of the harmonic frequency. In addition, the parameters of capacitors and inductors will be changed with ambient temperature, self-heating and capacitors' insulating aging. Such factors will lead to filter's detuning. The quality factor Q is a parameter reflecting detune. General speaking, in order to obtain the best filtering effect, a best quality factor Q must be chosen.
The design of PPF based on genetic algorithm

The objective function
Generally, if the harmonic source is a harmonic current source, the total voltage distortion rate can meet the national standards, whereas harmonic current is excessive. So the minimum total harmonic current distortion is taken as one optimal objective. For the asymmetric system, the total harmonic distortions of three-phase currents are not same. The optimal design of PPF shall achieve minimum total harmonic distortion of three-phase current. In order to minimum the investment of PPF simultaneously, the objective functions are:
So the optimal design of PPF is to find the satisfactory solution satisfying two objective functions and one constraint conditions. In the paper, genetic algorithm is adopted to realize above multi-objective optimization problem. In order to simplify the fitness functions, weighted multi-objective method is adopted. Therefore, two objectives are transformed into single weighted objective shown as formula (12).
where: 1 w , 2 w are the weighted coefficients with satisfied 1 2 1 = + w w . In order to meet the design rule 5, in this paper the best quality factor Q is chosen as 50.
Suppose n is the order of resonant frequency. According to the characteristic of single-tuned filter and formula (13), all parameters of single-tuned filter can be calculated if the inductor n L or the capacitor n C is obtained. In this paper we choose the capacitances of filers as variables. Thus the corresponding inductance and resistance are: The characteristics of high-pass filter can be described by the following parameters:
where h f is the cut off frequency; m the damped-time-constant-ratio, which is typically equal to [0. 5, 2] . So the filter's resistor h R and inductor n L can be described by the capacitor n C , as is shown in the following formula: .
Here, 1 f is the fundamental frequency.
The algorithm
Genetic algorithm is a global optimization algorithm which uses natural selection and evolution mechanism of biological.
Basic algorithm steps are shown as following:
(1) Individuals are coded by real-number. And an initial population is randomly generated.
(2) The objective functions' value are converted into the fitness value. And the fitness value of each individual is calculated.
(3) Individuals with larger fitness values are chosen from the population according to the individuals' fitness values.
(4) A new population in next generation is obtained by using two kind of genetic operators. In the paper, arithmetic crossover and non-uniform mutation are adopted.
(5) Steps (2)-(4) are repeated until the convergence criterion is satisfied.
Case study
In a 10kV low voltage power supply system, the transformer's parameters are shown in the The load consists of a three-phase diode bridge rectifier and three sets of single-phase diode bridge rectifier. The simulation model is built, and three-phase current waves are shown in Fig.2 . Table 2 . And total harmonic distortions of three-phase current are 27.12%, 17.18%, 17.99% respectively. According to harmonic characteristics of the system, we choose to install PPF at low voltage side, which consists of five single-tuned filters for 3th, 5th, 7th, 9th, 11th harmonic respectively and a high pass filter with cut off frequency near 12th harmonic. The best quality factor Q of the single-tuned filter is 50 and m is 0.5.Other parameters about PPF are shown as follows.
The system impedance is = .
According to above system parameters, we can get Ω = 0023
. 0
In order to improve the power factor to 0.98, the reactive power needed to be compensated is 126 kvar. The filter's parameters of each phase obtained by genetic algorithm are shown in the Table 3 . And the main parameters in the algorithm are listed as follows: termination iteration is 100, the population size is 50, weighted coefficients are 1 w =0.3 and 2 w =0.7 according to demands. The simulation model of the filters is established. And the simulation results about three-phase current waveforms after compensating are shown in Fig.3 . The spectrum is analyzed and the harmonic ratios of current after compensating are shown in Table 4 . Total harmonic distortions of the three-phase current after compensating are 11.93%, 11.68%, 12.77% respectively. The effects of PPF are compared between traditional design method and the proposed method, as shown in the Table 5 . The simulation results show that the compensation effect of PPF optimized by genetic algorithm is better than the traditional approach. The price of capacitor is higher relatively, so the proposed method in this paper is more economical from the total capacity of capacitors.
Conclusions
The parameters of PPF used in an asymmetrical system are obtained based on genetic algorithm in this paper. The objective functions including total harmonic distortion of current of an asymmetrical power system and filters' cost are deduced. Thus two objectives including minimum cost of filters and minimum total harmonics distortion are considered, and reactive power compensation is used as constraint condition. By adopting genetic algorithm, the parameters of filters are achieved. The proposed method is testified by simulation in a practical case and is compared with the conventional approach. The results show that PPF designed by the proposed algorithm have better harmonics suppression effect and lower initial investment for equipments than conventional approaches. During the work, the advantages of genetic algorithm used in asymmetrical power systems are reflected evidently. But it is difficult to compensate the neutral wire current if only PPF is used in the three-phase four-wire system. Aiming at the problem, APF is considered to be used with PPF. The further study is in progress.
